We speculate that an acellular osteochondral xenograft may be a good alternative to allografts for repair of focal articular cartilage lesions. In order to make a xenograft resistant to enzymatic degradation and to prevent a chronic immune response it may be beneficial to stabilize it through crosslinking. The concept is analogous to treatment of porcine bioprosthetic heart valves with glutaraldehyde. The purpose of this study was to evaluate genipin, a natural crosslinking agent with low cytotoxicity, for stabilization of decellularized cartilage. Porcine articular cartilage discs were decellularized in SDS and nucleases and then crosslinked in genipin. The utility of genipin was determined from its effects on degree of crosslinking, mechanical properties, dimensional stability, enzymatic resistance, and in vitro biocompatibility. Degree of crosslinking, compressive moduli, and collagenase resistance varied over a wide range depending on genipin concentration. The equilibrium compressive modulus could be increased from approximately 50% to more than 120% that of native cartilage, and the time to complete degradation by collagenase could be extended from less than 12 h to more than 15 days. Radial shrinkage of approximately 4% was observed at a genipin concentration of 0.1% wt/vol, and cartilage coefficient of friction against glass increased in a concentration-dependent manner. Autologous chondrocytes displayed little difference in viability or their ability to attach and spread over the surface of genipin-fixed cartilage compared to non-crosslinked cartilage during 6 weeks of culture. These results indicate that genipin may be efficacious for stabilization of a decellularized porcine osteochondral xenograft.
Focal cartilage and osteochondral injuries have profound detrimental impacts on patients' quality of life due to the associated pain and functional impairment. 1 Furthermore, repeat MRI scans on patients with a cartilage lesion revealed progressive cartilage loss in a majority of patients with a mean interval of only 1.8 years between observations. 2 Thus there is a need for cartilage restorative procedures, especially in patients younger than 50 years who desire to resume high levels of physical activity. Current treatment options for sizeable defects (!2 cm 2 ) are limited. Among them, fresh osteochondral allografts are distinguished by their potential to immediately restore a smooth and functional joint surface. However, fresh allografts must be harvested within 24 h of the death of relatively young donors with healthy cartilage. Chondrocyte viability is essential to the clinical success of allografts, and viability decreases with storage time. Therefore tissue availability remains a challenge to the wider use of osteochondral allograft transplantation. 3 Acellular xenografts are a promising alternative treatment for focal cartilage lesions. Their potential advantages include abundant supply, 4 long shelf-life and immediate availability for transplantation during exploratory surgery, 5 minimal immunogenicity, 6 and low risk of disease transmission. 7 For the reason of widespread availability, among others, the pig was chosen as a source of xenograft articular cartilage. To produce an acellular xenograft with minimal antigenicity typically involves treatment of cartilage with a detergent such as sodium dodecyl sulfate (SDS). Such treatment decreases the glycosaminoglycan (GAG) content of the tissue as well as its compressive resistance. 6, 8 One approach to counteracting the effects of GAG depletion that accompanies antigen removal is collagen crosslinking.
Crosslinking affects the inflammatory/immune response, degradation rate, and mechanical properties of collagen-based biomaterials. Traditional crosslinking methods include chemicals such as glutaraldehyde and physical treatments such as UV-irradiation. Glutaraldehyde has long been used to crosslink bioprosthetic heart valves, and glutaraldehyde-crosslinked bovine meniscal fibrocartilage was shown to survive in good condition for up to a year when used to resurface a defect created in the canine patella. 9 But glutaraldehyde is highly cytotoxic, and leaching of residual glutaraldehyde in the graft will kill surrounding tissue. 9 Furthermore, glutarldehyde may provoke a chronic immune response that interferes with tissue regeneration. 10, 11 Genipin has been proposed as a natural, less cytotoxic substitute for glutaraldehyde. Genipin is an aglycone derived from geniposide, a major component of gardenia fruit. It has been investigated as a fixative for intervertebral disc and tissueengineered cartilage, 12, 13 and we have demonstrated its general suitability for stabilizing SDS-treated porcine articular cartilage.
14 For example, it increased the aggregate modulus and enabled the cartilage to resist collagenase degradation, but it did not significantly change the tissue's swelling ratio. The purpose of this study was to extend the previous work and explore the fixation of decellularized porcine cartilage by genipin in greater detail. Experiments were designed to determine the effects various genipin concentrations on the degree of crosslinking, mechanical properties, dimensional stability, and collagenase resistance, and also to assess the in vitro biocompatibility.
MATERIALS AND METHODS

Decellularization and Crosslinking
Genipin was from Challenge Bioproducts Co., Ltd. (Touliu, Taiwan), and collagenase was from Worthington Biochemical Company (Lakewood, NJ). All other reagents were from Sigma-Aldrich Corporation (St. Louis, MO). Porcine stifle joints were obtained from a local abattoir. Full-thickness circular discs of articular cartilage (4 or 5 mm diameter) were harvested from the femoral condyles using a biopsy punch and scalpel. All processing, including crosslinking, was carried out in 50 ml centrifuge tubes, which contained approximately 20 discs in 40 ml of solution. After washing in phosphate buffered saline for 60 min, discs were decellularized in the following solution for 48 h at 37˚C: 10 mM TrisHCl (pH 8), 2% SDS, 0.5 mg/ml DNase I, 0.05 mg/ml RNase, 1 mM EDTA, 5 mM MgCl 2 , 0.5 mM CaCl 2 , 1 mM PMSF, and 1% antibiotic-antimycotic mixture. The incubation was carried out under rocking agitation, and the solution was changed after 24 h. Decellularized discs were washed twice in PBS for 60 min. Some discs were further processed by crosslinking as described below. Others were used to quantify the effects of decellularization on DNA and the extracellular matrix. After freeze drying and digesting 4 mm diameter discs in papain, DNA and glycosaminoglycan (GAG) content were determined using the Hoechst and dimethylmethylene blue assays (n ¼ 10 per group), respectively, as previously described.
14 In addition, hydroxproline content was quantified using the chloramine-T assay (n ¼ 8 per group). 15 Biochemistry data were normalized to sample dry weight.
Genipin was dissolved in PBS and crosslinking was performed by agitating discs in the genipin solution at 37˚C. Uncrosslinked controls were incubated in PBS alone. To determine the relationship between genipin concentration and soaking duration on the degree of crosslinking, tests were conducted using concentrations of 0.004%, 0.02%, and 0.1% wt/vol and soaking durations of 24, 48, and 72 h. Samples subjected to coefficient of friction testing were crosslinked in the same percentages of genipin for 24 h. To cover a wider range of crosslinking extending well below 50%, all other experiments were carried out on tissue which had been crosslinked for 24 h in concentrations of 0.001%, 0.01%, and 0.1% wt/vol. Crosslinked discs were washed twice in PBS for 60 min, and they were stored individually at À20C along with the uncrosslinked controls.
Degree of Crosslinking
The ninhydrin assay was used to determine the amount of free amino groups in uncrosslinked control and experimental discs of 5 mm diameter (n ¼ 3 per group) as previously described. 14 The amount of bound amino groups in the experimental samples was calculated as the difference between the amount of free amino groups in the control and experimental samples. The ratio of bound amino groups to the total free amino groups in the control samples was taken as the degree of crosslinking.
Compressive Resistance Ø5 mm discs (n ¼ 3 per group) were thawed to room temperature in PBS. Cartilage compressive resistance was measured using an unconfined compression stress relaxation test. Discs were compressed between smooth, impermeable platens of a Mach-1 Micromechanical Test System carrying a 100 N load cell with 0.005 N resolution (Biomomentum, Laval, QC, Canada). The actuator was lowered at 0.01 mm/s until contacting the disc with 0.25 N force, at which time the actuator's position was used to determine the disc's height. Compression was then ramped at 0.1 mm/s to 25% strain in 5% strain increments, holding at each level of strain until the rate of relaxation was less than 0.002 N/min. The slope of the best fit trend line to the peak stress versus strain plot was taken as the instantaneous modulus. Equilibrium modulus was similarly calculated using the equilibrium stress data. Relaxation time was calculated as the time for the stress to fall to (1/e) Â peak stress during the final relaxation under 25% applied strain.
Coefficient of Friction
The Mach-1 Micromechanical Test System was reconfigured as shown in Figure 1 . Cartilage discs of 5 mm diameter (n ¼ 10 per group) were affixed to an aluminum pedestal with a minuscule amount of cyanoacrylate glue. The pedestal is part of a 105 g dead weight which exerted a constant normal force on the tissue. The tissue rested on a glass slide lubricated with 20% fetal bovine serum in PBS. The slide fit into a recess machined into a plate bolted to the stepper motor-driven stage of the Mach-1. The dead weight was connected through a clevis joint to the Mach-1's load cell such that the load cell's axis was parallel to the direction of motion. The sliding stage underwent ramp oscillation of 19 mm amplitude at 0.1 Hz for 5 min. Coefficient of friction, m eff , was calculated as the average frictional force (load cell) divided by the normal force during the middle third of travel in each direction.
Dimensional Stability
Control and crosslinked discs of 4 mm diameter (n ¼ 3 per group) were digitally photographed in a uniform manner, and ImageJ software was used to measure four diameters on each disc separated by 45˚. Statistical analysis was performed on the mean diameter of each disc.
Collagenase Resistance
Porcine articular cartilage which had been decellularized as above and crosslinked in 2.5% glutaraldehye in PBS served as a positive control for the collagenase resistance test. Glutaraldehyde crosslinking was carried out in the same manner as for genipin. Ø5 mm discs (n ¼ 3 per group at each time point) were freeze dried and weighed using an analytical balance accurate to 0.01 mg (XS105, Mettler Toledo, Columbus, OH). They were then individually incubated in 1 ml of 0.1% wt/vol type 2 collagenase (300 U/mg) in PBS containing 1% antibiotic-antimycotic solution under rocking agitation. The solution was changed every 48 h. Discs collected at 5, 10, and 15 days of incubation were washed twice in distilled water for 60 min and freeze dried before weighing. Final weight was divided by original weight to determine the percentage of mass retained after digestion.
In Vitro Biocompatibility
Autologous chondrocytes were isolated from stifle joint cartilage by overnight digestion of the tissue in 0.1% wt/vol collagenase type 2, 5% fetal bovine serum, and 1% antibioticantimycotic solution. Cells were collected by centrifugation, washed in PBS, and resuspended in DMEM, 10% FBS, and 1% antibiotic-antimycotic mixture. They were seeded into a T-175-flask, maintained at 37˚C and 5% CO 2 , and subcultured by trypsinizing when they were approximately 80% confluent.
Following decellularization, Ø4 mm discs were sterilized by 3 h incubation in 1% peracetic acid at room temperature followed by extensive washing in PBS until the rinsate reached neutral pH. A 0.1% genipin crosslinking solution was sterilized by syringe filtration (0.2 mm), and 10 discs were fixed for 24 h at 37˚C under gentle agitation. Residual crosslinker was removed by extensive rinsing with PBS. Ten control discs were stored in PBS instead of crosslinking. Discs were transferred to individual wells of a 24-well plate and equilibrated overnight in DMEM containing 10% FBS and 1% antibiotic-antimycotic mixture. Immediately prior to cell seeding, the medium was aspirated and the discs were air dried in a biosafety cabinet for approximately 2 h. A 25 ml aliquot containing 6.25 Â 10 4 passage 2 chondrocytes in complete culture medium was pipetted onto the top surface of each disc and allowed to settle for 2 h before flooding the wells with medium. The explants were maintained under standard conditions of 37˚C and 5% CO 2 , and culture medium was replaced every 4th day.
On day 5 after cell seeding, chondrocyte viability on one disc per group was assessed using the Promokine Live/Dead Cell Staining Kit (PromoCell GmbH, Heidelberg, Germany). Images were captured on a Leica DM2500 epi-fluorescence microscope with Leica DFC 420C camera using both green and red filters. On day 14, 28, and 42 after cell seeding, three samples from each group were fixed in 10% neutral buffered formalin. Paraffin embedded cartilage sections were stained with hematoxylin and eosin for qualitative light microscopic assessment.
RESULTS
Decullularization and Degree of Crosslinking
The effects of decellularization are summarized in Table 1 . The antigen removal procedure reduced DNA by more than 80%, and it eliminated almost 40% of the GAG. Collagen content was not affected. The dependence of the degree of crosslinking on genipin concentration and soaking duration is illustrated in Figure 2 . There was a statistically significant increase in degree of crosslinking in the 48 h group as compared to 24 h. The difference between 48 and 72 h was not statistically significant. This corresponds to the pigmentation, which increased noticeably in intensity between 24 and 48 h, but not between 48 and 72 h. For each soaking duration the degree of crosslinking was roughly proportional to the log of the genipin concentration over the range of concentrations tested (R 2 ¼ 0.88-0.93), and each concentration of genipin was significantly different from the others. The highest degree of crosslinking achieved was approximately 90% at a genipin concentration of 0.1% wt/vol.
Biomechanics
The results of unconfined compression testing are shown in Figure 3 . Both moduli trended higher after crosslinking for 72 h as compared to 24 h, but the overall difference between the two time points was not statistically significant. Therefore these groups were pooled together for the purpose of analyzing the effect of genipin concentration. Decellularization using SDS significantly decreased the instantaneous modulus to 16% that of the native control group. Genipin fixation increased the instantaneous modulus in proportion to concentration, and the moduli of the 0.01% and 0.1% Genipin groups were significantly higher than the modulus of decellularized discs (approximately ninefold increase for the 0.1% group). Crosslinking in 0.01% genipin restored the instantaneous modulus to about the same as that of native tissue, whereas the average modulus of cartilage crosslinked in 0.1% genipin was about 50% higher than that of native tissue. However, this difference was not statistically significant. Similar trends were observed with the equilibrium modulus, and the difference between the 0.1% group and all others was statistically significant. The equilibrium modulus of decellularized cartilage stabilized by 0.1% genipin was 50-120% higher than that of native controls. Relaxation time did not follow a consistent trend, and there were no statistically significant differences among groups: 20.1 AE 8.3, 17.7 AE 9.8, 21.3 AE 10.2, and 22.0 AE 8.4 s for Native, 0.001% Genipin, 0.01% Genipin, and 0.001% Genipin, respectively.
The coefficient of friction steadily increased during the 5 min test period, and the final m eff was significantly higher than the intial m eff under all conditions (Fig. 4) . While decellularization alone did not significantly affect m eff , crosslinking increased m eff in proportion to the genipin concentration. However, the difference was much less after 5 min than at the outset. For example, m eff in the 0.1% genipin group GENIPIN STABILIZATION OF ACELLULAR CARTILAGE was initially over 230% higher than that of native controls, but after 5 min it was greater by only 65%.
Dimensional Stability and Collagenase Resistance
The amount of radial shrinkage which occurred upon crosslinking of decellularized porcine cartilage with genipin is shown in Figure 5 . There did appear to be a concentration-dependent effect, with a significant shrinkage of approximately 4% observed in the 0.1% genipin group. Fixation in genipin significantly increased the tissue's resistance to digestion in collagenase in a concentration-dependent manner (Fig. 6) . Uncrosslinked controls had completely dissolved within 12 h, and all discs fixed in 0.001% genipin had completely dissolved by day 5. Fixation in 0.1% genipin almost entirely inhibited digestion by collagenase and was at least equivalent to the resistance provided by 2.5% glutaraldehyde. Crosslinking in 0.01% genipin conferred an intermediate degree of collagenase resistance, with about 40% of the mass lost within 5 days and more than 80% digested within 15 days.
Biocompatibility
The adherent autologous chondrocytes which remained on the surface of non-crosslinked, decellularized porcine cartilage 5 days after seeding were all viable, and they displayed a mixture of rounded and spread morphologies (Fig. 7) . Similar viability was observed for chondrocytes remaining on cartilage stabilized by 0.1% genipin, but the morphology was more consistently rounded (Fig. 7) . Based on histology, long-term cell behavior was qualitatively consistent across the triplicate specimens within each experimental group. Microscopic appearance of cells growing on genipin-crosslinked cartilage at 14, 28, and 42 days was qualitatively similar to that of cells growing on uncrosslinked cartilage (Fig. 8) . Under both conditions, the chondrocytes spread over the surface in a monolayer sheet and did not produce substantial extracellular matrix. Cells displayed a somewhat elongated morphology and did not migrate from the surface to the interior of the tissue in either group.
DISCUSSION
Xenografts are increasingly used in general orthopaedic applications. There are several commercially available ECM patches engineered from porcine and bovine dermis and small intestine submucosa. 16 Because the composition and depth-dependent microarchitecture of articular cartilage is similar across species, osteochondral xenografts are an attractive alternative to currently available treatments for large focal articular cartilage lesions in the knee. An abundant supply of xenografts is potentially available as surplus from food production, and long-term storage is possible because there is no need to maintain cell viability. It is conceivable that they could be inventoried so as to make them readily available to the surgeon in a range of standard sizes. In addition, a xenograft could be implanted using standard OAT techniques and instrumentation. The pig is a suitable source of human replacement tissue due to a similar body size and physiology, as well as a rapid growth rate. 17 Furthermore, swine and human knee cartilage have similar mechanical properties, 18 and swine knee joint cartilage thickness is similar to that of humans. 19 There are several reasons for stabilizing an osteochondral xenograft through collagen crosslinking. The primary reason is to increase its resistance to enzymatic degradation. A graft that breaks down before it can be invaded by host cells and replaced with regenerated tissue would be of little value. Another purpose of crosslinking is to compensate mechanically for the loss of GAG. In articular cartilage, antigen removal is difficult to achieve without disrupting the extracellular matrix, specifically without depleting GAG. The current study, as well as others, demonstrates that efficient decellularization using SDS 
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removes a substantial amount of GAG. 6, 20 GAG has a high fixed negative charge density, and its presence in the tissue creates a high osmotic pressure. These properties provide compressive resistance to articular cartilage, and loss of GAG substantially lowers the aggregate modulus and indentation resistance of decellularized cartilage. 6, 20 The final purpose of crosslinking is to mask antigens, rendering crosslinked tissue less immunogenic. 21 Rejection and accelerated tissue degradation secondary to a robust immune response are major obstacles facing xenografts. Even the aforementioned commercially available ECM-derived biologic scaffolds contain some antigenic epitopes and residual DNA, the presence of which can lead to chronic inflammation, fibrosis, scarring, and encapsulation. 22 The immune response could cause premature biomechanical failure of the graft and in extreme cases lead to death of the graft recipient. 23 Thus crosslinking could be expected to improve the host tolerance and durability of a xenograft.
Derived from geniposide, which occurs naturally in the fruit of Gardenia jasminoides Ellis, genipin is a biochemical crosslinker with low cytotoxicity. The reactions of genipin and glutaraldehyde with collagen are similar in that both result in an inter-and intramolecularly crosslinked structure through formation of covalent bonds. [24] [25] [26] Both mechanisms involve reaction with the amino groups of lysine and hydroxylysine residues of collagen. This allows the degree of crosslinking to be determined in both cases through use of the ninhydrin assay, which quantifies the amount of free amino groups in the tissue. Crosslinking in genipin is quite straightforward because it can be dissolved in water or saline and because the degree of crosslinking can be controlled by adjusting the concentration, the temperature, and the duration. 27, 28 Several studies have demonstrated that genipin provides at least as much resistance to degradation in vivo as glutaraldehyde, but genipin is significantly less inflammatory. 10, 25, 29 Our previous research suggested that genipin may be a good alternative to glutaraldehyde for stabilization of a porcine osteochondral xenograft. 14 Genipin fixation (0.25% wt/vol) of SDS-treated porcine stifle joint articular cartilage was found to produce approximately the same degree of crosslinking, increase in aggregate modulus, resistance to collagenase digestion, and minimal impact on swelling ratio as did fixation in 2.5% glutaraldehyde. The current study employed a more aggressive antigen removal procedure that removed more DNA and GAG without decreasing the collagen content. The degree of crosslinking, which is indicated by the intensity of blue pigmentation, was found to depend strongly on the genipin concentration, as well as the duration of crosslinking. There was a trend toward a further increase in degree of crosslinking between 48 and 72 h, and it is certainly possible that an effect of soaking duration extending past 48 h could be demonstrated with a larger sample size. A degree of crosslinking approaching 90% was achieved within 24 h by treatment at 37˚C. Similar pigmentation and semilogarithmic relationship between genipin concentration and degree of crosslinking has been reported for acellular bovine pericardium, up to 95% degree of crosslinking with 0.625% genipin. 30 The highest concentration of genipin tested in the current study was 0.1% or 4.4 mM. Previous studies involving genipin stabilization of collagenous tissues indicate that the degree of crosslinking may increase with genipin concentration up to approximately 0.6% or 26.5 mM. 24, 28, 31 Further increases in bath concentration are unlikely to produce substantial gains in degree of crosslinking. For example, increasing genipin concentration from 0.6% to 1% was not observed to affect the thermal stability or degree of crosslinking of bovine pericardium. 24 A notable exception is a study by Barbir et al., in which it was reported that rat lumbar motion segments soaked in 1% genipin for 12 h at 37˚C with no agitation created 37% degree of crosslinking within the intervertebral discs. 32 This apparent discrepancy could possibly be attributed to incomplete penetration of the crosslinking solution due to the shorter soaking duration, lack of mixing, and the limited exposed surface area of the discs.
The depletion of GAG caused by prolonged treatment with SDS significantly decreased the tissue's compressive resistance as evidenced by six-and fourfold decreases in the instantaneous and equilibrium compressive moduli, respectively. Such a decrease in compressive stiffness is a consistently observed response to loss of GAG. 8, 14 Our data show that stiffness can be recovered by fixation in genipin, and similar tissue reinforcement has been reported for cartilage, tendon, and pericardium. 28, 30, 31 We found that degree of crosslinking and compressive resistance are both strong functions of the genipin concentration. It has been reported that crosslinking efficiency could also be controlled by varying the temperature in the range of 4-37˚C, 27 and we have confirmed the influence of temperature in our laboratory (data not shown). The current study demonstrates that the majority of genipin's effect on compressive resistance of cartilage is manifest after 24 h of soaking at 37˚C. A previous study demonstrated a time-dependent increase in mechanical properties of articular cartilage with increasing genipin treatment duration up to 6 h, providing evidence that crosslinking density was steadily increasing during that early period. 31 Augmentation of the compressive resistance may occur upon further soaking for another 48 h. In addition to binding of genipin with remaining free extracellular matrix amines to form additional crosslinks, genipin polymerization and extension of existing crosslinks is possible during this interval. The latter phenomenon could explain the increase between 24 and 72 h that was observed for the equilibrium modulus but not the instantaneous modulus. In general the unconfined compression data illustrate that the mechanical properties of decellularized cartilage can be manipulated through genipin fixation in a controlled fashion over a wide range that extends beyond that of healthy, native cartilage.
Tissue pigmentation may be used to gauge the degree of crosslinking. Treatment with 0.001% genipin, which produced very little blue pigmentation, did not restore either modulus to its original value. Decellularized cartilage treated with the intermediate genipin concentration of 0.01% displayed a distinctly gray pigmentation and properties similar to those of native cartilage with respect to instantaneous and equilibrium moduli. Dark blue pigmentation reflected a high degree of crosslinking produced by treatment with 0.1% genipin. The instantaneous and equilibrium moduli of this intensely colored tissue exceeded those of native cartilage.
An undesirable consequence of genipin fixation was a significant increase in the coefficient of friction as this could lead to abrasion of the articulating surface. However, the magnitude of the effect decreased sharply over the course of 5 min. Our data are consistent with a previously observed trend of increasing cartilage coefficient of friction with increasing genipin concentration. 31 Decellularization alone did not raise the coefficient of friction, which was unexpected in light of the importance of interstitial fluid pressure in cartilage lubrication. Enzymatic GAG degradation has been shown to increase the friction coefficient, 33 and we can only speculate that the apparent discrepancy is related to use of the SDS/nuclease cocktail in this study.
Our study demonstrates that stabilization in genipin may cause a slight amount of tissue shrinkage. Cylindrical cartilage discs exhibited a concentrationdependent decrease in diameter of up to 4%. Separation between cartilage and bone following genipin fixation of osteochondral cores has not been observed in our laboratory, but such shrinkage could affect the tightness of the host cartilage-xenograft interface. Genipin has a profound effect on cartilage's resistance to degradation by collagenase. The lowest genipin concentration (0.001%) did not produce a degree of crosslinking sufficient to substantially prolong the time to breakdown in collagenase, but fixation in higher concentrations extended the time to complete dissolution from several hours to more than 2 weeks. As with the compressive resistance, our results demonstrate that collagenase resistance can be modulated through the genipin concentration. This finding is in general accord with the results of others. Incubation in 0.045% and 0.226% genipin for 15 min was shown to increase the collagenase resistance of bovine articular cartilage in a depth-dependent fashion. 31 A significant difference between the two concentrations was not observed, but this insensitivity could be attributed to the brief treatment period. Acellular bovine pericardia crosslinked in genipin concentrations of 0.00625%, 0.05%, and 0.625% resisted digestion in collagenase in much the same manner as the cartilage in this study. 30 Fresh tissue and acellular pericardium cross-linked in 0.00625% genipin were both entirely digested within 3 days as reflected by a 100% increase in the free amino group content, whereas the increases measured in tissue crosslinked in 0.05% and 0.625% genipin were limited to 17% and 6%, respectively. Incubation in genipin for 24 h at 37˚C has also been shown to remarkably increase the collagenase resistance of rat tail type I collagen scaffolds, with resistance increasing in proportion to genipin concentration within the range of 0.1% to 0.5%. 27 The final objective of our study was to assess the biocompatibility of genipin-crosslinked cartilage. The use of autologous chondrocytes permitted the effects of genipin fixation to be studied in isolation. No dead cells were observed 5 days after seeding, suggesting that genipin-treated matrices are not cytotoxic as previously observed for primary chondrocytes and human dermal mesenchymal cells. 27, 34 Furthermore, cells were able to adhere, proliferate, and migrate across the surface of genipin-fixed cartilage in a manner which was qualitatively similar to cells growing on uncrosslinked cartilage. No cell migration into the interior of the cartilage discs was observed in either group, and a similar lack of penetration was previously observed for human articular chondrocytes cultured on human articular cartilage explants. 35 In conclusion, decellularized porcine cartilage is readily crosslinked using genipin, and the degree of crosslinking is easily controlled in a predictable manner by adjusting the genipin concentration. The compressive stiffness and collagenase resistance are tunable through the degree of crosslinking, but not independently. The stiffness lost during decellularization can be completely recovered, and it is possible to raise it above that of native tissue. The time to enzymatic degradation in vitro can be extended from hours to weeks, indicating that genipin-crosslinked cartilage would undergo degradation slowly in vivo. Furthermore, genipin crosslinked, decellularized porcine cartilage displays excellent biocompatibility with autologous chondrocytes. One negative consequence of genipin fixation is increased coefficient of friction, and further testing is required to determine whether a genipin-fixed cartilage graft would abrade the opposing surface. The effect of genipin crosslinking on antigen masking/ immunosuppression and tissue regeneration remain to be determined, along with the optimal degree of crosslinking. On the whole the results of this study suggest that genipin may be a suitable crosslinker for a decellularized osteochondral xenograft.
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